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ABSTRACT
We show that turbulence in core collapse supernovae (CCSNe) which has been shown recently to ease shock
revival might also lead to the formation of intermittent thick accretion disks, or accretion belts, around the
newly born neutron star (NS). The accretion morphology is such that two low density funnels are formed along
the polar directions. The disks then are likely to launch jets with a varying axis direction, i.e., jittering-jets,
through the two opposite funnels. The energy contribution of jets in this jittering jets mechanism might result
in an explosion energy of Eexp & 1051 erg, even without reviving the stalled shock. We strengthen the jittering
jets mechanism as a possible explosion mechanism of CCSNe.
Key words: stars: massive — supernovae: general
1. INTRODUCTION
Massive stellar cores undergo catastrophic collapse as their
final stage of evolution - this collapse is hypothesized to re-
sult in energetic, luminous explosions termed core-collapse
supernovae (CCSNe). Of the several proposed theoretical
explanations for the explosion mechanism (see Janka 2012
for a review), the most prominent are neutrino-driven explo-
sions (Colgate & White 1966) and jet-driven explosions (e.g.
LeBlanc & Wilson 1970; Khokhlov et al. 1999; Lazzati et al.
2012). The most modern neutrino-driven model is the
delayed-neutrino mechanism (Bethe & Wilson 1985; Wilson
1985, p. 422), while jet-driven models have reincarnated in
the jittering-jets mechanism (Papish & Soker 2011, 2012b,
2014a,b).
In the delayed-neutrino mechanism, neutrinos that are emit-
ted by the newly formed neutron star (NS) within a period of
t ≈ 1 s after the core bounce heat the region below the stalled
shock, at r ≈ 100 − 200 km from the NS. It has been sug-
gested that subsequent neutrino-heating of the gain region will
revive the stalled shock, thereby exploding the star with the
observed energy of Eexp & 1 foe, where 1 foe ≡ 1051 erg.
Widely varying outcomes have emerged from increas-
ingly sophisticated multidimensional simulations of
the delayed-neutrino mechanism (e.g., Bethe & Wilson
1985; Burrows & Lattimer 1985; Burrows et al. 1995;
Fryer & Warren 2002; Buras et al. 2003; Ott et al.
2008; Marek & Janka 2009; Nordhaus et al. 2010;
Brandt et al. 2011; Hanke et al. 2012; Kuroda et al. 2012;
Hanke et al. 2012; Mueller et al. 2012; Bruenn et al. 2013;
Mezzacappa et al. 2014; Mueller & Janka 2014). Many of
these failed to revive the stalled shock while others produced
tepid explosions with energies less than 1 foe. In spherically
symmetric calculations (1D), the vast majority of progenitors
cannot even explode (Burrows et al. 1995; Rampp & Janka
2000; Mezzacappa et al. 2001; Liebendo¨rfer et al. 2005). The
explosion of the 8.8M⊙ progenitor of Nomoto & Hashimoto
(1988) in a 1D study with an energy of ∼ 3 × 1049 erg is
attributed to neutrino-driven wind (Kitaura et al. 2006).
In recent years, the standing accretion-shock instability
(SASI; e.g., Blondin et al. 2003; Blondin & Mezzacappa
2007; Ferna´ndez 2010) that appears in many two-
dimensional axisymmetric calculations (Burrows et al. 1995;
Janka & Mueller 1996; Buras et al. 2006a,b; Ott et al. 2008;
Marek & Janka 2009) has been studied as a possible driving
force for stellar explosions within the delayed-neutrino
mechanism (Rantsiou et al. 2011 further suggested the spiral
mode of the SASI as the source of pulsar angular momen-
tum). However, recent three-dimensional studies gave mixed
results (Nordhaus et al. 2010; Hanke et al. 2012, 2013; Couch
2013; Dolence et al. 2013; Janka 2013; Couch & O’Connor
2014; Mezzacappa et al. 2014; Takiwaki et al. 2014). While
Nordhaus et al. (2010) and Dolence et al. (2013) found it eas-
ier to revive the stalled shock in 3D simulations, most studies
have found that explosions are harder to achieve in 3D than
2D (Hanke et al. 2012; Couch 2013; Janka 2013; Hanke et al.
2013; Couch & O’Connor 2014; Takiwaki et al. 2014). Most
striking is the comparison of the 2D and 3D results of the
Oak Ridge group. In their 2D simulations Bruenn et al.
(2013, 2014) successfully revived the shock with explosion
energy estimates of approximately 0.1 − 0.8 foe. However,
in the newer 3D case presented by Mezzacappa et al. (2014)
the shock radius position is similar to their results of 1D
simulations where no explosion had been obtained. A
summary of some of these studies and an account of the
seemingly successful explosion of Bruenn et al. (2013) are
given by Papish et al. (2015).
Even if the simulations overcome the problem of shock re-
vival, in most cases of unscaled simulations the explosion en-
ergy is lower than required – less than 1 foe. Papish & Soker
(2012a, p. 377) and Papish et al. (2015) argued that there is
a generic problem of the delayed-neutrino mechanism that
prevents it from exploding the star with energies above 5 ×
1050 erg, and in most cases much lower.
Recently Couch & Ott (2013), Couch & Ott (2015), and
Mueller & Janka (2015) argued that the effective turbulent
ram pressure exerted on the stalled shock allows shock re-
vival with less neutrino heating than 1D models. However,
Abdikamalov et al. (2014) found that increasing the numeri-
cal resolution allows a cascade of turbulent energy to smaller
scales, and the shock revival becomes harder to achieve at
high numerical resolution. We here nonetheless study the
implication of the turbulence on the stochastic accretion of
angular momentum onto the newly formed NS. In section 2
we show implications of accretion of material from a convec-
tive region of the progenitor star for formation of intermittent
thick disks around the NS, and in section 3 we discuss the im-
plications of accretion of many convective elements simulta-
2neously. In section 4 we briefly discuss the stochastic angular
momentum in the post-bounce turbulent core, and summarize.
2. ACCRETION OF ONE CONVECTIVE ELEMENT
In this section we present the method of calculation by
studying one convective cell. Here, and in the next section,
we consider scenarios where accretion takes place through a
disk. The disk is optically thin to neutrinos, and optically
thick to photons. “Thin” or “thick” disks (geometrically) are
defined according to the ratio of the vertical disk height H to
the radial distance in the equatorial plane re. If H ≪ re then
the disk is geometrically thin. If H ≈ re then the disk is geo-
metrically thick. If H > re and re is not much larger than the
radius of the newly formed NS, we term the disk a belt.
2.1. Geometrically thin accretion disk
To demonstrate that the turbulent convection required to re-
vive the stalled shock can lead to intermittent disk formation
we consider a progenitor with an initial main sequence mass
of MZAMS = 15M⊙ and a metallicity of Z = 0.014. We
evolve the star using version 5819 of the Modules for Ex-
periments in Stellar Astrophysics (MESA; Paxton et al. 2011,
2013). Just before core collapse the velocity of convection
in the silicon layer, given by the mixing-length theory (MLT)
employed by MESA, has a Mach number of Mc ≈ 0.01.
However, some studies of realistic hydrodynamical simula-
tions of convection in stellar interiors show higher convec-
tive velocities of Mc ≈ 0.1 − 0.2 (Baza´n & Arnett 1998;
Asida & Arnett 2000). While recent studies (Couch & Ott
2013, 2015; Mueller & Janka 2015) have shown that initial
conditions motivated by these results alleviate the required
neutrino energy for a shock revival in the delayed-neutrino
mechanism, we focus on the implications for stochastic an-
gular momentum in the collapsing material, and subsequently
the possible formation of accretion disks and jets. We empha-
size that the convective velocity assumed here is not what we
take from numerical simulations of pre-explosion stellar mod-
els, but rather the convective velocity used by Couch & Ott
(2013), Couch & Ott (2015), and Mueller & Janka (2015).
This is because our goal is to examine the implications of the
convection assumed by these authors to the formation of ac-
cretion disk or belts around the newly born NS.
Similarly to Gilkis & Soker (2014), where the details of the
calculations can be found, we calculate the variance of the
specific angular momentum. We assume a random velocity−→v = vc (sin θ cosϕ, sin θ sinϕ, cos θ), where vc is the con-
vective speed, with a uniform probability density in θ and ϕ
(the angles relative to the z-axis and x-axis, respectively - al-
though the choice of axes is inconsequential). The expectation
value for the specific angular momentum along a specific di-
rection, here taken to be the z axis, is zero, while the variance
is
Var(jz) =
〈
j2z
〉
= (vcrl)
2
∫
[(rˆl × vˆ(Ω)) · zˆ]2 dΩ∫
dΩ
=
1
3
(vcrl)
2 sin2 θl (1)
where rl is the original location of the convective cell, and θl
is the positional latitude from the z-axis. Averaging over all
possible positions gives
Var(jz) =
∫
dϕl
∫
dθl sin θlVar (jz (θl))∫
dΩl
=
2
9
(vcrl)
2, (2)
which is the same for jx and jy . Taking just one component
of the angular momentum gives a slight underestimation for
its magnitude, but simplifies the derivation here, and more so
in the next section where we calculate the average angular
momentum of many cells. The average standard deviation for
a single convective element is then
σj ≡ σ (jz) =
√
2
3
vcrl, (3)
where vc (rl) is calculated at the original location of the con-
vective element (cell) rl. The specific angular momentum of
a Keplerian orbit at the NS surface is
jNS =
√
GMNSRNS, (4)
so that the ratio between the standard deviation of the spe-
cific angular momentum of a single convective element (cell)
and the minimum required to avoid direct accretion from the
equatorial plane is
σj
jNS
≃ 0.55
(Mc
0.1
)( cs
5000 km s−1
)( rl
5000 km
)
×
(
MNS
1.4M⊙
)−1/2(
RNS
25 km
)−1/2
, (5)
where cs is the sound speed given at rl (the radius of origin of
the convective cell),Mc is the average convective Mach num-
ber, and typical values for the silicon layer of a pre-collapse
core have been inserted. The choice of RNS ≃ 25 km is due
to the protoneutron star (PNS) needing to cool down before
shrinking to estimated radii of observed neutron stars.
We apply Equation (5) to a stellar model of MZAMS =
15M⊙ that we evolve with MESA just to the point of core
collapse. Figure 1 shows that the stochastic deviations of spe-
cific angular momentum are close to that of a Keplerian orbit
at the NS surface. This means that some fraction of the in-
falling material has sufficient specific angular momentum to
temporarily form accretion disks around the NSs.
2.2. Geometrically thick accretion disk
The above derivation is limited to the case of a thin accre-
tion disk - an accretion disk with an opening angle (where
there is no gas) from the angular momentum axis of θ = 90◦.
The inflowing gas is in the equatorial plane, i.e., at latitude
of θ = 90◦ to the angular momentum axis. If the geometri-
cally thick accretion disk is very close to the NS, specifically,
if H > re and re is not much larger than the radius of the
newly formed NS, we can term it an accretion belt. Figure 2
describes schematically our proposed scenario.
The case of an accretion belt may arise when the intermit-
tent accretion disk has no time to spread outward. Estimating
the viscosity as ν ≈ αcsH where α is the viscosity parameter,
and taking for the case of a belt H ≈ re, the ratio between the
viscous and Keplerian timescales is
tν
tKep
≈ 1.4
( α
0.1
)−1( MNS
1.4M⊙
)1/2
×
(
RNS
25 km
)−1/2 ( cs
105 km s−1
)−1
. (6)
The viscous timescale, in which the disk spreads, may be be-
tween one to a few Keplerian orbit times. In principle the belt
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FIG. 1.— Ratio between the standard deviation of the specific angular mo-
mentum of a single convective mass element to the specific angular momen-
tum of a Keplerian orbit around a NS with a radius of RNS = 25 km (as
given in Equation (5)), as function of original radius of in-falling material.
The standard deviation is calculated, for our MZAMS = 15M⊙ stellar
model, using the local sound speed cs (rl) and for two different Mach num-
bers (given in the inset) for the convective velocity at the layer of origin of
the convective element (rl). The values close to unity of this ratio imply that
some mass elements can form a temporary accretion disk around the newly
formed NS.
has time in a few dynamical timescales to spread, first to a ge-
ometrically thick and then thin disk. However, in most cases
further mass will be accreted, mostly with angular momentum
in a different direction. Therefore, while the viscous effect is
to form a more well defined accretion disk, further accreted
gas acts mainly to reduce the specific angular momentum and
change its direction. We expect that a belt, or a geometri-
cally thick disk, will be maintained but with a varying angular
momentum axis. In some cases the belt will be completely
destroyed. A new one will be formed shortly afterward, de-
pending on the fluctuations of the specific angular momentum
of the accreted gas.
For a thick accretion disk (or a belt) with an opening angle
θ (i.e., the surface of the disk is at an angle θ from the angu-
lar momentum axis, and the other side at an angle θ from the
opposite direction of the axis), the inflowing material on the
surface of the disk needs a minimum specific angular momen-
tum of
jNS (θ) =
√
GMNSRNS sin θ, (7)
in order to spiral around the NS surface. It must lose some
angular momentum before being accreted; this specific angu-
lar momentum is only
√
sin θ times that required for a thin
disk. From Equation (7) we can estimate the probability for
an inflowing parcel of gas to be limited to an angle, from the
angular momentum axis, larger than θa. As our assumptions
constrain the specific angular momentum of the convective
elements to −vcrl ≤ jz ≤ vcrl, a beta distribution is appro-
priate,
f (jz) =
(
1
2 +
1
2
jz
vcrl
)α−1 (
1
2 − 12 jzvcrl
)β−1
B (α, β)
, (8)
where f(jz) is the probability density function for a convec-
tive element to have a specific angular momentum component
jz , α and β are shape parameters determined by the expecta-
tion value and variance, and B (α, β) is the beta function. An
FIG. 2.— A schematic presentation of the proposed scenario. The panels
are not exactly to scale, but crudely the two-sided arrow on the upper left
of each panel is approximately 500 km. The four panels span an evolution
time of several seconds. (a) In the silicon burning shell of the pre-collapse
core there is a convective region, at about thousands of km from the center.
The convective vortices are the source of the stochastic angular momentum.
(b) After collapse and the formation of a neutron star (NS) the rest of the
in-falling gas passes through the stalled shock. The stochastic spatial distri-
bution of angular momentum in the silicon burning shell is carried inward
into the post-shock region. (c) The accreted angular momentum changes
stochastically in magnitude and direction. For short periods of times, tens of
milliseconds, the accreted gas near the NS possesses a net angular momen-
tum. Accretion along and near the temporary poles of the angular momentum
axis is inhibited, and a temporary accretion belt is formed around the newly
born NS. If the belt exists for a long enough time, several dynamical time,
or > 0.01 s, it can spread in the radial direction to form an accretion disk.
The belt or disk are assumed to launch two opposite jets with initial veloci-
ties of vf ≈ 105 km s−1 (about the escape velocity from the newly formed
NS). (d) The jets that are launched in varying directions, called jittering jets,
penetrate through the gas close to the center, and their shocked gas inflate hot
bubbles (see Papish & Soker 2011). These bubbles expand and explode the
star in the jittering jets model (Papish & Soker 2014a,b).
expectation value of zero for jz and the variance from Equa-
tion (2) give α = β = 7/4. The desired probability function
is given by
ξ (θa) = 2
∫ jz=vcrl
jz=min(jNS sin θa,vcrl)
djzf (jz) =
2 (1− Ix (α, β)) , (9)
where ξ (θa) is the probability that accretion of a convective
parcel of gas will be limited to an angle of pi − θa > θ > θa,
and Ix (α, β) is the regularized incomplete beta function with
x = min
(
1
2
+
1
2
jNS sin θ
vcrl
, 1
)
. (10)
The factor 2 in front of the integral (possible with the α = β
symmetry) is for the two sides of the equatorial plane: be-
tween θa and 90◦, and between 90◦ and (180◦ − θa).
This probability for a given angle θa as function of the ra-
dius of origin rl can be calculated from Equations (9) and (10)
for a given limiting angle θa. We present this in Fig. 3 for the
same stellar model used for Fig. 1. To better understand the
meaning of ξ(θa) we can examine limiting cases. If there
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FIG. 3.— The probability for accretion onto the NS to be limited to an angle
θ > θa as a function of radius of origin of the convective mass element in
the core, and for three values of the angle from the angular momentum axis
θa (given in the inset). This is calculated for convective Mach numbers of
Mc = 0.1 (top panel) andMc = 0.2 (bottom panel), and assuming a beta
distribution (Equation (8)). For example, for a convective Mach number of
Mc = 0.2 (bottom panel), material falling from rl = 4000 km has a 60%
probability of having a specific angular momentum limiting the accretion to
take place from an angle larger than 30◦ from the angular momentum axis.
This probability is 26% for the Mach=0.1 case. Limitation to θ > θa = 0
(all lines on the ξ = 0) would imply a spherical accretion flow, since all
angles are allowed – this is the case when there is no stochastic motion at the
shell of origin of the inflowing gas. On the other hand, a value of ξ = 1 for
all angles θa implies that the gas has a specific angular momentum too high
to be directly accreted onto the NS. A thin accretion disk will be formed,
and accretion will proceed by angular momentum loss in the disk. Values
of ξ > 0 lead to the formation of a low density accretion funnel along the
angular momentum axis. The solid line shows the inwards baryonic mass at
each radius of the pre-collapse core (refers to the right axis).
is no stochastic angular momentum at all, i.e., vcrl ≪ jNS ,
then ξ = 2 (1− I1 (α, β)) = 0 for all angles. Namely, the
probability for limiting the angle is zero as expected since
there is no angular momentum and hence each parcel of gas
can in principle be accreted from any direction. If the an-
gular momentum fluctuations are huge, vcrl ≫ jNS, then
ξ = 2
(
1− I1/2 (α, β)
)
= 1. Namely, for all angles the prob-
ability for accretion above the angle is 1, and hence below the
angle is zero. This is true even for θ = 90◦, which implies that
the accreted gas is stopped from inflowing due to a centrifu-
gal barrier at radii larger than the NS radius. Further angular
momentum loss in a viscous disk will allow accretion. Other
examples are in the caption of Fig. 3.
3. ACCRETION OF MULTIPLE CONVECTIVE
ELEMENTS
The accretion of material from a single convective element
is a simplified case, as in reality many elements with close
radii of origin may undergo accretion at overlapping times.
For simultaneous accretion of multiple convective elements
(which we assume to have equal masses), with stochastically
varying velocities, the variance of the specific angular mo-
mentum becomes
Var(jz,N ) =
2
9N
(Mccsrl)2, (11)
where N is the number of convective elements in the shell
from which the mass is accreted at the given specific time, and
Mc is the average Mach number of the convective cells. This
is Equation (2) with a factor of N−1 and with Mccs = vc.
We get a narrower distribution of the angular momentum for
N > 1; for the beta distribution we assumed in the previous
section we get
α = β =
9N
4
− 1
2
. (12)
The number N can be estimated using the mixing-length
(which is proportional to the pressure scale-height) or from
the relevant mode order, such as those used by Couch & Ott
(2013, 2015) or Mueller & Janka (2015). For example,
Couch & Ott (2013) use sinusoidal perturbations (their Equa-
tion (1)) which directly give us the number of elements in a
shell. For example, their equation (1) would give for n = 3
and n = 5 modes a total of N = 12 and N = 40, respec-
tively. A rough estimation using MLT, taking spherical el-
ements with size relem = αMLTHP (αMLT being the MLT
parameter and HP the pressure scale height) so that
N ≈ 4pir
2
l
pir2elem
, (13)
gives values of N ≈ 20− 40 for the region of interest.
As we consider non-rotating stars, the total angular momen-
tum is zero. We consider fluctuations in angular momentum,
not only within a shell, but also between shells. When a shell
has (temporarily) non-zero angular momentum, other shells
will compensate with angular momentum axes with other ori-
entations, for a total of zero angular momentum. Over time
an exchange of angular momentum takes place between shells
(as well as between convective elements). Even for rotating
stars, convective regions may give rise to temporary devia-
tions from the angular momentum dictated by the rotation
(hence leading to jittering jets). It is important to note that
Couch & Ott (2013, 2015) and Mueller & Janka (2015) con-
sidered only fluctuations within each shell, but the sum of an-
gular momentum was zero in each shell. This might explain
why they did not get accretion belts.
As shown in Fig. 4, the inclusion of several convective ele-
ments results in smaller opening angles (thicker disks) for the
thick disk than in the single parcel presented in Fig. 3. As
the convective region is turbulent and disorderly, this picture
of symmetric accretion is not an accurate description. The ac-
cretion process will be something between the parameters of
Fig. 3 and those in Fig. 4.
The meaning of figure 4 is as follows. If there was no turbu-
lence at all, then all lines would be on the ξ = 0 axis, implying
that angular momentum does not prevent any gas from being
accreted from all angles. However, the turbulence and the
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FIG. 4.— Same as Fig. 3 but for accretion of a shell with an n = 3 mode
(shell with N = 12 “blobs”) using Equation (1) of Couch & Ott (2013), and
for different limiting angles. For example, for a convective Mach number of
Mc = 0.2 (bottom panel), about 40% of the accreted mass from a shell
starting at rl = 3000 km will not be allowed to be accreted within 10◦
from the angular momentum axis (intersection of the the blue dashed line
with the rl = 3000 km line), and 9% of the mass starting at the same shell
will not be able to be accreted from within 20◦ from the angular momentum
axis (intersection of the green dotted line with the rl = 3000 km line).
These probabilities are 9% and 0.25% for a convective Mach number of
Mc = 0.1, respectively. The implication is that a low density funnel is
formed along the two opposite sides of the axis.
resulting stochastic angular momentum of the accreted mass
imply that a substantial fraction of the mass is prevented from
being accreted from a direction close to the angular momen-
tum axis (on both opposite sides of the angular momentum
axis). Figure 4 shows, for example, that assuming an average
convective Mach number of Mc = 0.2, for mass originat-
ing at rl = 2000 km on average 20% of the mass cannot
be accreted at all from within an angle of 10◦ from the an-
gular momentum axis because of a centrifugal barrier. The
outcome is the formation of two low-density opposite funnels
of the in-falling gas along the angular momentum axis. Due
to the stochastic nature, the angular momentum axis is not a
constant axis, but rather varies with time; i.e., it jitters.
4. DISCUSSION AND SUMMARY
We have studied the formation of intermittent accretion
disks by the collapsing convective regions of the core in CC-
SNe. This study is motivated by the usage of convective
core regions, which might be more vigorous than what the
MLT gives (e.g., Arnett et al. 2009, Viallet et al. 2013), to fa-
cilitate the revival of the stalled shock (Couch & Ott 2013,
2015; Mueller & Janka 2015). It is noteworthy that even
with the additional turbulent pressure, these aforementioned
works employed either an enhancement factor for the neu-
trino heating (Couch & Ott 2015), or imposed axisymmetry
(Mueller & Janka 2015), which has already been shown to
ease shock revival (e.g. Couch 2013). Namely, it is not en-
tirely clear that the insertion of strong turbulence will revive
the shock in neutrino based mechanisms.
Even if the stalled shock in CCSNe is revived, the de-
sired explosion energy of Eexp & 1051 erg is unlikely to
be achieved (Papish et al. 2015). The convective regions on
the other hand are likely to lead to the formation of intermit-
tent accretion disks that can launch jets (Gilkis & Soker 2014)
that are more likely to explode the star than the revival of the
stalled shock (Papish & Soker 2014a,b). In this model the jets
are presumably launched by the intermittent accretion disks
formed around the newly born NS. By jets we refer to col-
limated outflows from the innermost region of the accretion
disk, rather than wide disk winds launched from the shallower
potential well of the extended disk region (a less energetically
efficient case). In that respect disk-winds can also do the job
in the jittering jets model, as long as they are sufficiently col-
limated (a half opening angle of . 20◦) for them to pene-
trate out to about 1000 km or more (Papish & Soker 2014a).
However, the jet properties are not as those of jets formed by
preset magnetic fields and core rotation, as in the simulations
by Mo¨sta et al. (2014). Therefore, the failure of the jets simu-
lated by Mo¨sta et al. (2014) to explode the star does not imply
the failure of the jittering jets model.
We here extended our earlier study (Gilkis & Soker 2014)
in discussing the formation of a thick accretion disk (or
an accretion belt), and not only a thin accretion disk,
and in referring specifically to the convection topology
used by Couch & Ott (2013), Couch & Ott (2015), and
Mueller & Janka (2015). The ordered structure introduced in
these previous works (with zero angular momentum in each
shell) is perhaps not representative of the turbulent flow struc-
ture. If that is the case, it overlooks the possibility of angular
momentum deviations between shells. We considered fluctu-
ations of angular momentum between shells, not only within
shells, and found that these between-shells angular momen-
tum fluctuations can lead to intermittent thick accretion disk
(belt) formation.
As evident from Fig. 4 the accretion from such a convec-
tive region forms an accretion belt (or a thick accretion disk)
that leaves a funnel along the polar directions. The general
accretion flow not only leaves two opposite funnels of a very
low density, but around the funnels the gas is rapidly rotating.
The turbulent accretion belt is very likely to amplify mag-
netic fields. This is similar to the finding of Masada et al.
(2015) of the development of turbulence and magnetic field
amplification around a nascent proto-NS. The funnel, rota-
tion, and magnetic field amplification are the ingredients that
very likely form jets. The formation of such jets is along the
jittering-jets scenario (Papish & Soker 2014a,b).
There are some difficulties in relating the stochastic angu-
lar momentum, clearly present in the convective region prior
to collapse, to the angular momentum of material reaching
the newly formed compact object. This is because the ac-
creted gas goes through the shock wave moving through the
turbulent region from the shock down to the newly born NS
or black hole (BH). The turbulent region between the stalled
6shock and the newly born NS or BH might increase or de-
crease the variance of the specific angular momentum. Mul-
tidimensional hydrodynamic simulations are required to re-
solve this question. We note that Couch & Ott (2013, 2015)
and Mueller & Janka (2015) introduced vortices in a way that
the total angular momentum in each shell sums-up to zero.
In our study, the formation of an accretion disk results from
angular momentum fluctuations between shells in the pre-
collapse core. This is one of the reasons the aforementioned
studies could not obtain an accretion disk. Another reason is
that the shear between the newly formed NS and the accreted
gas must be calculated with high resolution. We expect that
appropriate initial perturbations and high resolution near the
NS will result in accretion belt formation.
We here try to estimate the stochastic specific angular mo-
mentum from existing simulations. Recent studies (e.g.,
Couch & Ott 2015) have focused on the turbulent energy in
the gain region, giving typical values for the mass Mturb and
energy Eturb in this turbulent region. We take
vturb ≡
√
2Eturb
Mturb
, (14)
use Equation (3) to approximate jturb ≈ σj =
√
2
3 vturbrl,
and substitute typical values to derive
jturb
jNS
≈ 0.2
(
Eturb
2× 1049 erg
)1/2(
Mturb
0.05M⊙
)−1/2
×
( rl
150 km
)( MNS
1.4M⊙
)−1/2(
RNS
25 km
)−1/2
. (15)
This is valid for symmetric as well as turbulent initial con-
ditions, as turbulence around the NS arises either way (e.g.,
Mueller & Janka 2015). Comparing Equation (15) with Equa-
tion (5) with the aid of Equation (11), we find that the case
given by Equation (15) corresponds to a total number of con-
vective cells in the accreted layer of N ≈ 7 − 8. This will
give funnels similar (and even somewhat larger) than those
depicted in figure 4 which is given for N = 12. This crude
estimate suggests that the passage of the material through the
stalled shock does not reduce much the stochastic behavior of
the angular momentum.
We summarize by restating our main finding that the pre-
collapse turbulence structures introduced by Couch & Ott
(2013, 2015) and Mueller & Janka (2015) might lead to the
formation of intermittent accretion disks. These in turn are
likely to launch jets that play a much more important role in
exploding the the star than the extra pressure of the turbulent
motion on the stalled shock region.
We thank an anonymous referee for comments that im-
proved the presentation of our results. This research was sup-
ported by the Asher Fund for Space Research at the Technion.
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